In Drosophila, the body axes are specified during oogenesis through interactions between the germline and the overlying somatic follicle cells [1] [2] [3] [4] [5] . A Gurken/ TGF-alpha signal from the oocyte to the adjacent follicle cells assigns them a posterior identity [6, 7] . These posterior cells then signal back to the oocyte, thereby inducing the repolarization of the microtubule cytoskeleton, the migration of the oocyte nucleus, and the localization of the axis specifying mRNAs [8] [9] [10] . However, little is known about the signaling pathways within or from the follicle cells responsible for these patterning events. We show that the Salvador Warts Hippo (SWH) tumor-suppressor pathway is required in the follicle cells in order to induce their Gurkenand Notch-dependent differentiation and to limit their proliferation. The SWH pathway is also required in the follicle cells to induce axis specification in the oocyte, by inducing the migration of the oocyte nucleus, the reorganization of the cytoskeleton, and the localization of the mRNAs that specify the anterior-posterior and dorsal-ventral axes of the embryo. This work highlights a novel connection between cell proliferation, cell growth, and axis specification in egg chambers.
Summary
In Drosophila, the body axes are specified during oogenesis through interactions between the germline and the overlying somatic follicle cells [1] [2] [3] [4] [5] . A Gurken/ TGF-alpha signal from the oocyte to the adjacent follicle cells assigns them a posterior identity [6, 7] . These posterior cells then signal back to the oocyte, thereby inducing the repolarization of the microtubule cytoskeleton, the migration of the oocyte nucleus, and the localization of the axis specifying mRNAs [8] [9] [10] . However, little is known about the signaling pathways within or from the follicle cells responsible for these patterning events. We show that the Salvador Warts Hippo (SWH) tumor-suppressor pathway is required in the follicle cells in order to induce their Gurkenand Notch-dependent differentiation and to limit their proliferation. The SWH pathway is also required in the follicle cells to induce axis specification in the oocyte, by inducing the migration of the oocyte nucleus, the reorganization of the cytoskeleton, and the localization of the mRNAs that specify the anterior-posterior and dorsal-ventral axes of the embryo. This work highlights a novel connection between cell proliferation, cell growth, and axis specification in egg chambers.
Results and Discussion
Multicellular organisms develop through an orchestrated temporal and spatial pattern of cell behavior, which is controlled by cell-to-cell signaling. In Drosophila melanogaster, the establishment of the embryonic axes occurs in the oocyte and depends on a sequence of signals between the germline and the somatic cells. First, Gurken (Grk) signals from the oocyte to the adjacent follicle cells (FCs), in which Torpedo (Top, EGFR) is activated, and this signal instructs them to adopt a posterior identity [6, 7] . The posterior FCs (PFCs) then send an unidentified signal back to the oocyte, leading to the movement of the nucleus from the posterior to the dorsoanterior (DA) corner and the repolarization of the microtubule (MT) cytoskeleton, with the minus ends at the anterior and lateral cortex and the plus ends at the posterior [8] [9] [10] . This repolarization results in the localization of the mRNAs that encode key patterning factors. grk mRNA is next to the nucleus at the DA corner of the oocyte ( Figure 1A ). At this corner, Grk instructs the overlying FCs to adopt dorsal fates. In contrast, oskar (osk) and bicoid (bcd) mRNAs are localized at the posterior and anterior pole, respectively ( Figures 1B and 1C) , thus defining the anterior posterior (AP) embryonic axis and the germ cells. Although several genes are required in the FCs to control these events, little is known about the signaling pathways within and from the FCs.
The SWH Pathway Is Required in the Posterior Follicle Cells for Oocyte Polarity One of the genes required for axis formation during oogenesis is the tumor suppressor merlin (mer) [10] . However, it is not known whether Mer influences axis specification directly or what signaling pathways lie downstream of Mer. In other tissues, Mer is known to activate the Salvador Warts Hippo (SWH) pathway, which is a tumor-suppressor pathway [11] . Inhibition of the SWH pathway leads to a characteristic overgrowth phenotype in adult organs because of an overproliferation of cells, increased cell growth, and defects in apoptosis [12] [13] [14] . To test whether the SWH pathway is required in the function of Mer in axis formation, we examined the localization of grk, bcd, and osk mRNA in egg chambers with warts (wts) and hippo (hpo) mutant FCs, two serine/threonine kinases that are core components of this pathway (Figure 1 and data not shown). In both cases, grk mRNA is mislocalized at the posterior ( Figure 1D ), osk mRNA is mislocalized at the center ( Figure 1E ), and bcd mRNA is mislocalized at the posterior and anterior poles ( Figure 1F ). The mislocalization of these mRNAs could be due to failure of the MTs to repolarize, as has been previously shown in grk/EGFR and mer mutants [6, 7, 10] . In wild-type oocytes, the MTs are organized in an AP gradient ( Figure 1G ). In contrast, in egg chambers with hpo mutant FCs, the MTs are distributed diffusely all over the oocyte cytoplasm ( Figure 1H ). Considering these results, together with previous characterizations of similar phenotypes, we conclude that the oocyte cytoskeleton in mutant egg chambers for the SWH pathway is disorganized with the MT plus ends at the center and the minus ends at the anterior and posterior poles. These defects resemble those described in oocytes lacking the Grk signal [6, 7] . In wts mutants, however, Grk protein is detected at the posterior pole, where grk mRNA is mislocalized ( Figure 1J ). This demonstrates that the axis-specification defects in wts mutant egg chambers are not a consequence of the absence of Grk protein. It was shown that mer is required in the FCs for the repolarizing signal back to the germline and consequently for the migration of the oocyte nucleus from the posterior to the DA corner [10] . Similarly, when we generated mutant FC clones for wts, hpo, and expanded (ex), an activator of the SWH pathway, the oocyte nucleus fails to migrate to the anterior ( Figures 1J, 1L , and 1M and Table 1 ). Another protein that is upstream of the SWH pathway is the giant atypical cadherin fat (ft) (reviewed in [15] ). However, egg chambers with ft mutant FCs show no defects in oocyte polarity, and both the nucleus and Staufen (Stau)-a marker for osk mRNA-are always properly localized ( Figure 1N , n = 70). In other epithelia, hpo and wts are required to repress the activity of Yorkie (Yki) and overexpression of yki phenocopies loss-of-function mutations of hpo and wts. Similarly, we found that overexpression of yki in the FCs also causes the mislocalization of Stau and the oocyte nucleus (Figure 1O ). These results indicate that the SWH pathway, with the exception of Ft, might be required for the repolarizing signal back from the FCs to the oocyte.
Because this signal is sent by the PFCs, we analyzed whether the SWH pathway is only required in these cells. In egg chambers with wild-type PFCs within an otherwise hpo or wts mutant epithelium ( Figure 2A and Table  1 ), as well as in hpo, wts, and ex germline clones (Figure 2B and data not shown), the oocyte polarity is unaffected. However, in egg chambers with hpo mutant PFCs in an otherwise wild-type epithelium, the oocyte nucleus is mislocalized ( Figure 2C and Table 1 ). We also observed that when only a few cells at the posterior are mutant, Stau localizes in the region of the oocyte that faces the posterior wild-type cells ( Figure 2D ). The SWH pathway is not required in the polar cells for axis determination because egg chambers with hpo or wts mutant PFCs and wild-type polar cells show oocyte polarity defects ( Figure 2C and data not shown). We conclude that the SWH pathway is required only in the PFCs to induce axis specification in the oocyte.
The SWH Pathway Is Required in the Follicle Cells to Control Proliferation
In contrast to the monolayered wild-type epithelium ( Figure 2E ), anterior and posterior, but not lateral, hpo and wts mutant cells form a bilayered, and occasionally a multilayered, epithelium (Figures 2F and 2G and Table  1 ). Given that the SWH pathway is required to control proliferation in epithelia of imaginal discs, we analyzed whether the bilayered epithelium is a result of overproliferation [16] [17] [18] . At stage 6 of oogenesis, wild-type FCs undergo a Notch-dependent switch from a mitotic cell cycle to an endocycle. For this reason, phosphohistone 3 (PH3), a marker for mitotic cells, is only detected until that stage and never later ( Figure 2H , Table 1 , and Figure S1 in the Supplemental Data available online) [19, 20] . In contrast, hpo mutant anterior and posterior FCs are often positive for PH3 at stage 7-10B, indicating that these cells are still dividing ( Figure 2I , Table 1 , and Figure S1 ). Similar results are obtained in yki overexpressing FCs ( Figure 1O and Figure 2J ). Taken together, our findings show that the SWH pathway is required for the control of proliferation at the anterior and posterior FCs.
We also observed the formation of a multilayered epithelium in stage 3-5 mutant FCs (data not shown), although the number of dividing cells is similar to that of the wild-type ( Figure S1 ). It has been recently shown that the aberrant orientation of the mitotic spindle in the FCs results in the formation of a multilayered epithelium [21] . We therefore analyzed the orientation of the mitotic spindle in wild-type and hpo mutant cells. We observed that, contrary to wild-type cells (Figure 2K ), the mitotic spindle in mutant FCs is often at an angle or perpendicular to the membrane ( Figure 2L ). This aberrant orientation disrupts the remaining daughter cells within the same plane, thereby resulting in a bilayered epithelium.
Often, tumor suppressors are important for the polarity of the epithelia. To determine whether this is the case for the SWH pathway, we examined the atypical (novel) Protein Kinase C (nPKC), an apical marker, and Disc large (Dlg), a lateral marker, in the FCs. In wild-type cells ( Figure 2M ), as well as in hpo mutant FCs that maintain a monolayer epithelium (Figure 2N ), nPKC and Dlg localize at the apical and lateral membrane, respectively. However, when the mutant epithelium forms several layers of cells, nPKC and Dlg are often mislocalized, with a reduction of the nPKC staining and an expansion of the Dlg-positive membrane ( Figure 2O ). Nevertheless, a certain degree of the polarity in these cells is maintained because nPKC is always apical in the cells that are in contact with the oocyte (Figure 2O ).
The SWH Pathway Is Essential for Maturation of the Follicle Cells
Because SWH pathway mutant cells do not exit mitosis and keep dividing, it is possible that their differentiation is impaired. To address this question, we analyzed the expression of Fasciclin III (FasIII) and eyes absent (eya) in wild-type and wts and hpo mutant FCs. FasIII and Eya are downregulated in a Notch-dependent manner in the main-body FCs after stage 6 of oogenesis ( Figures  3A and 3C ) [22] [23] [24] . However, the levels of FasIII in hpo mutant PFCs and Eya in wts mutant PFCs remain high after stage 6 ( Figures 3B and 3D and Table 1 ). To further assess the effect of the SWH pathway on the Notchdependent maturation of the FCs, we examined the expression of Hindsight (Hnt), a transcription factor that is upregulated by Notch signaling in all FCs ( Figure 3E ) [25] . In hpo posterior FC clones, this Hnt upregulation is blocked ( Figure 3F ). Contrary to notch clones, however, hpo lateral and anterior clones do not show defects in FasIII, Eya, or Hnt expression (Figures 3B  and 3F, Table 1 , and data not shown). Furthermore, border, centripetal, and stretched cells that are mutant for hpo migrate normally (Figures S2A-S2D) . Considering all these results together, we conclude that the SWH pathway is essential for the PFCs to fully differentiate.
The findings described above, together with the proliferation defects in hpo and wts mutant cells, suggest that the SWH pathway is required for Notch signaling. To test whether this is the case, we analyzed the expression of universal Notch transcriptional reporters in wildtype and hpo mutant FCs. In wild-type egg chambers, the Notch reporter E(spl)mß7-lacZ is expressed in all FCs upon Notch activation at stage 6 of oogenesis ( Figure 3G ). In contrast, we found that in hpo mutant cells, the levels of E(spl)mß7-lacZ are weakly reduced in 53% of the clones and normally expressed in the rest (n = 17, Figure 3H and data not shown). It has been shown that in wing imaginal discs, mer and ex are required to control Notch localization in the cell and consequently its activity [26] . Similarly, the subcellular distribution of Notch is affected in hpo mutant FCs. Contrary to the wild-type, in which Notch accumulates in the apical membrane ( Figure S2E ), Notch expands to other membranes and is often detected in clusters in hpo clones ( Figure S2F ). Our results point out that hpo is essential in the PFCs for the Notch-dependent expression of several differentiation markers, such as FasIII, Eya, and Hnt, and for Notch subcellular localization. These observations and the weak defects on the Notch reporters support a function of the SWH pathway in modulating Notch signaling.
Because the SWH pathway is required for the polarization of the oocyte, as well as for the differentiation of the PFCs, we analyzed whether the mutant cells are competent to respond to Grk and indeed adopt a posterior fate. Dystroglycan (DG) is expressed in all FCs at early stages of oogenesis, but upon Grk signaling, DG forms an AP gradient with lower levels at the PFCs (Figure 3I) [27] . The fact that this Grk-dependent gradient of DG is also observed in the hpo mutant epithelia ( Figure 3J and Table 1 ) suggests that the mutant cells are responsive to the Grk signaling. Similarly, when hpo clones affect only a portion of the PFCs, the posterior fate marker pointed is expressed as in the wild-type in 40% of the cases ( Figure 3K and Table 1 ) [3, 28] . However, in 60% of the egg chambers with partial hpo posterior clones, and in all cases when all the PFCs are mutant, the expression of pointed is abolished ( Figure 3L and Table 1 ). These results illustrate that hpo is required to fully process the Grk/EGFR signal in the PFCs. Conversely, in grk mutant egg chambers, the Hpo-dependent expression of Hnt is not affected, suggesting that the EGFR pathway is not required for the activation of the SWH pathway in the PFCs (data not shown).
Considering all these results together, we conclude that the SWH pathway is involved in the Notch-and Gurken-dependent maturation of the PFCs. Whether the SWH pathway modulates this maturation directly or indirectly, for example by affecting membrane properties (reviewed in [26] ), needs to be further investigated.
Is the SWH Pathway Directly Required for the Repolarizing Signal Back to the Oocyte? To study whether the oocyte polarity defects in egg chambers with FCs mutants for the SWH pathway are a consequence of the FCs proliferation and differentiation defects, we analyzed egg chambers with ex and ft mutant PFCs. Egg chambers with ft PFCs occasionally form a bilayer (7% of the clones; Figures S3D and  S3D 0 ), although they never have defects in oocyte polarity ( Figure 1N , n = 70), suggesting that the morphological disruption of the epithelia in itself does not block the repolarizing signal. Egg chambers with ex PFCs show weak defects in the epithelium, with a bilayer rarely formed and restricted to only a few mutant cells ( Figure 1M ), but Stau is never properly localized ( Figures S3A, S3A 0 and S3C, Table 1, and Table S1 ). However, Hnt is not properly expressed in stage 7 ex mutant FCs, suggesting that the mislocalization of Stau is a consequence of the ex mutant cells being undifferentiated at the stage when the repolarizing signal is sent to the oocyte ( Figure S3B and Table S1 ). These results suggest that the defects in oocyte polarity are probably due to a lack of proper differentiation of FCs in SWH mutant egg chambers.
In this study, we have analyzed the requirement of the SWH pathway during oogenesis. We have shown that several of the components of this pathway, but not ft, are required in the PFCs to induce the axis specification in the germline. The defects in oocyte polarity, however, are probably due to a lack of proper differentiation of the PFCs in SWH mutant egg chambers. In addition, the pathway is required in the terminal cells to control their proliferation. It has already been shown that terminal follicle cells are different from lateral follicle cells. The distinct spatial requirement of the SWH pathway for differentiation and proliferation is another feature that distinguishes the terminal from the lateral FCs, and the posterior from the anterior FCs. Our results point out that this dual function of the SWH pathway might be achieved by modulation of the Notch and EGFR signals.
In conclusion, the SWH pathway lies at the intersection of two signaling pathways and is permissive for the signal that is sent from the follicle cells to repolarize the oocyte.
Experimental Procedures Fly Stocks and Induction of Mutant Clones
The following stocks were used: w;FRT42D hpo 42 [32] , whs-FLP,GFP-Staufen;FRT82B-nlsGFP [33] , Tau-GFP [28] , and ywhs-FLP122 tub-Gal4 UAS-nlsGFP/FM7; FRT42D tub-Gal80/CyO for MARCM clones [34] . The reporter lines used were yw; 998/12/TM6B for pointed (P. Deak, M. Bownes, and D. Glover) and E(spl)mß7-lacZ (an enhancer trap in the E(spl)mb7 gene; gift of S. Bray, University of Cambridge, Cambridge, UK). All experiments with hpo were done with the hpo 42-47 allele unless stated otherwise.
All follicle cell and germline clones were generated by the FRT/ FLP recombinase with either the lack or the presence of GFP and the lack of p-Myc as a marker for homozygous clones [34] [35] [36] [37] . The heat shock was performed either in larvae for 2 hr at 37 C during 2 consecutive days or adult flies for 1 hr at 37 C during 2 consecutive days (for wts and yki). The expression of Myc is induced for 1 hr at 37 C 4 hr before dissection. For the MARCM clones, the heat shock was performed 5 min at 37 C.
Whole-Mount In Situ Hybridizations and Antibody Stainings
Females were fattened for 20 hr, and the ovaries were dissected in PBT (PBS + 0.2% Tween), fixed for 20 min in 4% paraformaldehyde/PBT, washed with PBT, and kept in methanol at 220 C. In situ hybridization was performed as previously described [38] with fluorescent tyramide detection (NEN LifeSciences). Digoxigenin antisense probes were prepared with full-length grk (G. Schü pbach), osk (A. Ephrussi), and bcd (C. Nü sslein-Volhard) cDNA.
For antibody stainings, the ovaries were then washed with PBT, blocked with PBT + 10% BSA, NGS (Normal Goat Serum) or NDS (Normal Donkey Serum) for 1 hr, and incubated with the antibody in PBS + 2% Tween + 1% BSA for 12-16 hr. After washing the ovaries with PBS + 2% Tween + 1% BSA several times for 30 min, we incubated them with the secondary antibody for at least 3 hr. They were finally washed three times with PBS for 15 min and mounted in Vectashield (Vector). All steps were performed at room temperature. Flies with hsmyc are heat shocked 1 hr at 37 C 4 hr before dissecting. The following antibodies were used: rat anti-Tubulin (1:500) (Chemicon), rabbit anti-Staufen (1:3000) [39] , rabbit anti-nPKC (1:1000) (C-20, Santa Cruz Biotechnology), mouse anti-Dlg (1:500) (DSHB), mouse anti-Grk concentrate (1:200) (DSHB), mouse antiEya (1:20) (DSHB), mouse anti-Notch (1:10) (DSHB), mouse anti-Fasciclin III (7G10) (1:100) (DSHB), mouse anti-Hnt (1:15) (DSHB), rabbit anti-DG (1:3000) (Deng et al., 2003) , rabbit anti-a-phopho-histone 3 (PH3) (1:500) (Upstate Biotechnology), rabbit anti-LacZ (1:1000) (Cappel), goat anti-LacZ (1:1000) (Biogenesis), mouse anti-GFP (1:1000) (Sigma), rabbit anti-GFP (Invitrogen), goat anti-GFP (1:1000) (Abcam), rabbit anti-Myc (1:1000) (Santa Cruz), and sheep anti-Digoxigenin-POD (1:1000) (Roche). Secondary antibodies were Alexa Fluor 488, Alexa Fluor 568, and Alexa Fluor 647 coupled (Molecular Probes). DAPI and Alexa-coupled Phalloidin (1:200, Invitrogen) were used for visualization of DNA and actin.
Imaging and Deconvolution
Immunofluorescence was visualized with a Leica SP confocal microscope (Leica Microsystems, Wetzlar, Germany) or a wide-field DeltaVision microscope (Applied Precision, Olympus IX70, and Roper Coolsnap HQ). Images were acquired with 203/0.75 NA or 403/1.5NA and then deconvolved [40] .
Supplemental Data
Three figures and one table are available at http://www.currentbiology.com/cgi/content/full/17/21/1871/DC1/.
